Temperature is critical to the performance, durability and safety of Li-ion batteries. This paper reports in situ measurement of the radial temperature distribution inside a cylindrical Li-ion battery cell. 18650-size cylindrical cells with multiple micro thermocouples embedded are designed and manufactured. The radial temperature distribution is obtained under various operating conditions. The effects of critical parameters, such as discharge C rate, ambient temperature, and cooling condition, are investigated. It is found that higher discharge C rate and lower ambient temperature lead to higher temperature rise and larger temperature gradient within the battery cell. Stronger cooling results in smaller temperature rise but larger temperature gradient. Correlation between relative temperature gradient and cooling coefficient suggests that the assumption of uniform temperature distribution is applicable under natural-convection conditions but not applicable under strong forced convection conditions. The present results provide valuable experimental data that can be readily used to validate electrochemical-thermal coupled (ECT) battery models. Driven by the ever-increasing applications in electric vehicles and grand challenges, 1-4 the need for Li-ion batteries with enhanced performance, durability and safety is increasing. Previous studies show that temperature is critical to the performance, durability and safety of Li-ion batteries.
Driven by the ever-increasing applications in electric vehicles and grand challenges, [1] [2] [3] [4] the need for Li-ion batteries with enhanced performance, durability and safety is increasing. Previous studies show that temperature is critical to the performance, durability and safety of Li-ion batteries. On one hand, the performance is reduced at lower temperatures, [6] [7] [8] [9] [10] [11] and too low temperature can even cause detrimental lithium plating during charge. [12] [13] [14] On the other hand, a Li-ion battery degrades considerably faster at higher temperatures, [15] [16] [17] [18] [19] and excessively high temperature can lead to breakdown of the solid electrolyte interface (SEI) layer, [20] [21] [22] electrolyte decomposition, [23] [24] [25] and even to disastrous thermal runaway. 2, 26, 27 The surface temperatures of Li-ion cells, batteries and battery packs are commonly monitored. 28, 29 However, surface temperature is expected to be different from internal temperature due to the very low thermal conductivity (∼1 W m −1 K −1 ) of electrodes and separator in the through plane direction. 5, [30] [31] [32] This spatial temperature distribution inside a Li-ion battery may exacerbate the non-uniform distribution of current density [33] [34] [35] due to complex interactions among local reaction current, state of charge (SOC) and temperature. Under extreme conditions, e.g. accidental short circuit or overcharge, substantial heat is generated internally and monitoring of surface temperature could significantly underestimate the maximum temperature. Measuring internal temperature can thus provide more accurate information and is a better indicator of the health and safety of a Li-ion battery.
In addition, electrochemical-thermal coupled (ECT) modeling has been widely used in the research and development of Li-ion batteries to gain insight into internal processes, to optimize battery design and operation, as well as to improve performance, durability and safety. 11, [36] [37] [38] [39] [40] [41] [42] [43] Experimental internal temperature distribution data can provide a critical source of validation for multi-dimensional ECT models that are increasingly used. [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] Other ECT models use a lumped capacitance method that assumes uniform temperature distribution inside a Li-ion cell. In situ measurement of temperature distribution can provide valuable benchmark data to examine the validity of the assumption under various conditions.
In situ measurement of internal temperatures in Li-ion cell has received some attention, but reports are still very limited, especially for distributions of multiple local temperatures. Leising et al. 58, 59 measured central and surface temperatures of 1.5 Ah prismatic cells during overcharge and short circuit testing. Zeng et al. 60 measured central and surface temperatures of a 0.65 Ah prismatic cell during overcharge. Using a specially designed nail with an inserted thermocouple, Hatchard et al. 61 measured local temperature at the site of nail * Electrochemical Society Active Member. z E-mail: cxw31@psu.edu penetration during nail penetration testing. Significant differences between internal temperature and surface temperature were observed under such abuse conditions. [58] [59] [60] [61] Onda et al. 62, 63 reported measurements of central temperature in 18650-size cylindrical cells and found that the differences from surface temperature were very small. Forgez et al. 64 inserted a thermocouple with an external diameter of 1 mm into the center of a 26650-size cylindrical cell by drilling to access the central hole of the jelly roll. The temperature measured by the internal thermocouple was very different from the surface temperature during high C rate pulse charge/discharge. They also recorded surface temperatures using infrared thermography, which showed very slight temperature differences at different locations on the surface. Lee et al. developed flexible micro temperature sensors for measurement of internal temperature in Li-ion cells and demonstrated their potential applications in coin cells 65 and pouch cells. 66, 67 Based on a correlation between internal temperature and phase shift in the impedance of a Li-ion cell within a certain temperature and frequency range, Srinivasan et al. 68, 69 reported a non-intrusive method to predict internal temperature by measuring phase shift. Schmidt et al. 70 reported a modified version of that method, taking into account the effects of state of charge (SOC). Recently, Li et al. 71 measured temperature distributions in two large format pouch cells with embedded thermocouples. The temperature gradient was found to be significant in the in-plane direction but not significant in the through-plane direction.
Although some interesting results have been reported, as briefly reviewed above, there lacks a systematic understanding about internal temperature distribution under various conditions. There are little experimental data that can be readily used for model validation, especially for spirally wound Li-ion cells. Some studies focus on the development of temperature sensors, but report very few results and analysis relevant to practical operation of Li-ion cells. In some other studies, details about temperature sensors that may influence results significantly, e.g. size, location, are not provided. The effects of temperature sensors on the cell performance are usually not reported. Commercial cells are used in some studies, with unspecified cell material and internal design.
In this study, 18650-size cylindrical Li-ion cells with multiple micro thermocouples embedded inside their jelly rolls are designed. Experimental cells are manufactured in the Battery Manufacturing Lab at The Pennsylvania State University. Details about temperature sensor size and location, electrode materials, and cell internal structure are described. Temperature distributions along the radial direction of experimental cells are obtained. Effects of various important operating parameters on temperature distribution are investigated, including discharge C rate, ambient temperature, and cooling condition. 
Experimental
Design of the experimental Li-ion cell.- Figure 1 shows schematically an experimental 18650 Li-ion cell with multiple micro thermocouples embedded inside its jelly roll, designated as T 2 , T 3 and T 4 along the radial direction. There is also one micro thermocouple embedded in the center of the hollow jelly roll core (white region in the schematic of cross section) which is designated as T 1 . Another thermocouple, designated as T 5 , is attached to the cell surface to monitor the surface temperature for comparison with internal temperatures. The three micro thermocouples in the jelly roll, T 2 , T 3 and T 4 , are equally distributed along the length of the electrode sheets that are wound into the jelly roll during fabrication. All of them are placed between negative electrode and separator as shown in the schematic. T 2 is located at the innermost end of the reaction area and can thus provide the highest local temperature along the radial direction during cell operation. There is no active material or reaction in the hollow jelly roll core, so local temperature, T 1 , is expected to be lower than T 2 .
In this study, T type micro thermocouples (600T, RTD Company, USA) are used for measurement of internal temperatures. Each thermocouple has a wire diameter of 80 μm with an additional 10 μm insulation. The thermocouples are manufactured in such a way that the measuring tip is not thicker than the wire. Slightly smaller thermocouples are available but it is very difficult for them to survive the complicated manufacturing process of a cylindrical cell. The micro thermocouples have no insulation on the measuring tip as received. To prevent their failure in the corrosive electrochemical environment inside the Li-ion cell, a 10 μm layer of parylene is coated on the measuring tip using a special parylene evaporator at Penn State Materials Research Institute Nanofabrication Lab. A conventional T type thermocouple with a diameter of 0.5 mm (OMEGA Engineering, Inc., USA) is attached to the surface of the experimental cell's stainless steel can to measure surface temperature.
In the experimental cell, LiNi 1/3 Co 1/3 Mn 1/3 O 2 (NCM) and graphite are used as positive and negative electrode materials, respectively. The separator is Celgard 2320 PP/PE/PP trilayer membrane. 72 The electrolyte is 1.2 M LiPF 6 in EC:EMC:DMC (20:20:60 v%).
To evaluate the influence of embedded micro thermocouples on performance of the experimental cell, a baseline cell is made using identical materials without embedded thermocouples.
Experimental system.-A battery tester (BT2000, Arbin Instruments, USA) is used to control the overall current/voltage of the experimental cell. A multi-channel data acquisition (DAQ) unit (34970A, Agilent Technologies, USA) is used to record the local temperatures in the experimental cell, ambient temperature and cell voltage. All the data reported in this paper is recorded by the DAQ unit with a time interval of one second. To investigate the effect of the ambient temperature on temperature distribution, an environmental chamber (Tenney T10c, Thermal Product Solutions, USA) is used to control the ambient temperature during high-and low-temperature tests. Air is circulated in the chamber to make the temperature field uniform. The air circulation creates a forced convection cooling condition for the experimental cell. The environmental chamber is also used during room temperature tests but without air circulation inside the chamber, eliminating room temperature fluctuations and creating a natural convection cooling condition for the experimental cell. To investigate the effects of cooling condition on the temperature distribution in the experimental cell, a strong forced convection cooling condition is created by a standalone cooling fan blowing directly at the cell.
Test procedures.-Before every test, the battery tester and DAQ unit are turned on and rested for at least one hour, then the cell is fully charged at room temperature (22 ± 1
• C) using a Constant CurrentConstant Voltage (CC-CV) protocol (0.8 A, 4.2 V max, 0.032 A cutoff). Subsequently, the cell is rested for at least one hour (for room temperature tests) or three hours (for tests at other ambient temperatures), allowing open circuit voltage (OCV) and cell temperature to reach equilibrium. For tests under different discharge conditions, the cell is discharged at a specified C rate (based on nominal capacity of 1.6 Ah) until its voltage drops to 2.75 V.
Results and Discussion
Comparison of the baseline cell and the cell with embedded micro thermocouples.- Figure 2 shows the performance comparison between the baseline cell and the experimental cell during 1C and 3C discharge at room temperature. It can be seen that the experimental cell performs very similarly to the baseline cell during all stages of the 1C discharge and most of the 3C discharge. The performance difference increases slightly near the end of the 3C discharge, which can be attributed to higher ohmic resistance at the thermocouple locations. Using smaller micro thermocouples may reduce their influence on cell performance, a subject for future research.
Representative temperature distribution results during 1C
discharge.- Figure 3 shows the variation of the local temperatures during 1C discharge and Figure 4 shows the radial distribution of local temperatures at different depths of discharge (DOD). Note that temperature rise is used instead of temperature and DOD is used instead of discharge capacity for convenient comparison between different cases. Dimensionless distance in radial direction, r/r 0 , is used to show locations of the thermocouples. r represents distance of the thermocouples from the center of the cell and r 0 represents the radius of the experimental cell (9.0 mm). To assist understanding of the results, cell voltage is also plotted in Figure 3 .
It can be seen from Figure 3 that all the local temperatures increase as discharge proceeds, suggesting that heat generation inside the Liion cell during discharge exceeds heat dissipation. Note that the local temperature curves can be roughly divided into three stages. In the beginning stage (0% to ∼20% DOD) the temperatures rise very rapidly; in the second stage (∼ 20% to 70% DOD) the temperatures rise more slowly; in the third stage (∼70% to 100% DOD) the temperatures rise rapidly again. This behavior can be attributed to the characteristics of heat generation and dissipation in Li-ion cells as revealed by modeling work. 11, 73 In the beginning stage, heat dissipation is trivial due to the small difference between cell surface temperature and ambient temperature, so generated heat is mainly stored in the cell and cause rapid cell temperature rise. As the cell surface temperature grows significantly higher than ambient temperature in the second stage, heat dissipation to the surroundings becomes more significant. In addition, reversible entropic heat generation decreases during this stage. 73 Together, these two factors slow down the local temperature rise. As the cell approaches the end of discharge in the third stage, both reversible and irreversible heat generation increase dramatically, 11, 73 causing the cell temperature to rise rapidly again. The spatial temperature distribution results shown in Figure 4 reveal that the temperature gradient along radial direction is quite small during 1C discharge and not observable until the end of discharge. The small temperature gradient along the radial direction can be explained by the thermal behavior of the Li-ion cell. Heat is generated everywhere in the jelly roll during discharge under volumetric heating. Thus the temperature gradient is much smaller than when heat is locally generated in the core and conducted through the jelly roll.
The spatial temperature distribution at the end of 1C discharge is physically reasonable. T 1 is slightly lower than T 2 because there is no reaction in the hollow core of the jelly roll. T 2 is the highest because it is located nearest to the cell center among the thermocouples within the reaction area, consistent with heat transfer from inside the cell to ambient driven by a temperature gradient. The larger temperature gradient near the end of discharge indicates higher heat flux, agreeing with above analysis that heat dissipation to the surroundings is stronger at higher cell temperature.
Effects of C rate on temperature distribution.-C rate is an important parameter for Li-ion battery operation, so temperature distribution in the experimental cell is measured at various C rates (C/5, C/2, 1C, 2C and 3C). Figure 5 shows the discharge performance of the experimental cell at these C rates. Figures 6 and 7 show the variations of local temperatures and temperature distribution at different DOD levels during 3C discharge, respectively. Figure 8 shows the temperature distributions at the end of discharge in various C rate cases.
It can be seen from Figure 5 that the experimental cell has the typical discharge characteristics of a Li-ion cell, i.e. cell voltage and discharge capacity are lower during higher C rate discharge. The lower voltage and discharge capacity can be attributed to higher overpotential caused by higher local current density.
Comparing Figures 6 and 3 , local temperatures increase much higher and faster during higher C rate discharge. For example, T 2 increases roughly 3 times higher and 12 times faster during 3C discharge than during 1C discharge. The huge difference can be attributed to more and faster heat generation during higher C rate discharge. When discharge C rate is higher, local current density is larger and cell overpotential is larger. Both of these lead to more and faster conversion of electrochemical energy to heat according to
Figure 8. Effects of discharge C rate on the radial temperature distribution at the end of discharge. ) represents reversible heat generation.
Comparison between Figures 7 and 4 shows that the temperature distribution patterns during 3C and 1C discharge are quite similar. T 2 is the highest among the five local temperatures and the temperature gradient is quite small in comparison with the temperature rise. Figure 8 shows a higher temperature rise and a larger temperature gradient during higher C rate discharge. This agrees with the above analysis that heat is generated more and faster during higher C rate discharge, leading to higher temperature rise. The higher temperature rise then results in more heat dissipation from the cell to the ambient and a larger temperature gradient inside the cell to drive heat transfer from inside to surface.
A similar pattern of temperature distribution at different DOD and in different C rate cases inspires an examination of the relative temperature gradient during discharge. Figure 9 shows the variation of temperature gradient and the relative temperature gradient during 1C, 2C and 3C discharge. Here, the temperature gradient is defined as the difference between T 2 and T 5 , the highest temperature and the lowest temperature in the radial direction, respectively. The relative temperature gradient is defined as the difference between T 2 and T 5 divided by the increase of T 2 . To reduce the effects of large error due to small temperature rise at the beginning of discharge, the relative temperature gradient is plotted only after both T 2 and T 5 increase more than 1
• C in Figure 9 . While the temperature gradient increases in a trend similar to that of local temperatures, the relative temperature gradient behaves very differently. It decreases quickly at the beginning of discharge but then enters an almost flat region and remains stable almost to the end of discharge. Note that the relative temperature gradient is quite small, <0.1, in the flat region. This indicates that the assumption of uniform temperature distribution in some battery models is reasonable in such regions. Higher relative temperature gradient in the initial region indicates greater difference between the internal temperature and surface temperature.
Effects of ambient temperature on the temperature distribution.-Ambient temperature is another important operating parameter for Li-ion batteries, especially for automotive Li-ion batteries that need to operate over a wide range of temperatures. In this study, the experimental cell is tested at various temperatures of practical interest (45 • C, 25
• C, and −30 • C) to investigate the effects on temperature distribution. Figure 10 shows the 1C discharge performance of the experimental cell at various ambient temperatures. Figures 11 and 12 show the variation and radial distribution of local temperatures during −30
• C discharge for comparison with discharge at room temperature. Figure 13 shows the radial distribution of local temperatures at the end of discharge at various ambient temperatures. Note that the cell cutoff voltage during −30
• C discharge is allowed to be temporarily lower than 2.75 V due to the very low performance at such low temperature.
It can be seen from Figure 10 that the performance of the experimental cell at low temperatures is significantly lower than that at room temperature, while performance at 45
• C is only slightly better. This can be attributed to the much higher internal resistance of a Li-ion cell at low temperature according to previous studies. 7 It is interesting to note that at very low temperatures, e.g. −30
• C, the cell voltage initially decreases sharply but then increases dramatically before decreasing again. The initial sharp decrease of cell voltage can be attributed to very high internal resistance of the Li-ion cell at low temperature. Higher resistance leads to faster irreversible heat generation, so the cell temperature increases rapidly, as shown in • C within 200 seconds, leading to dramatically lower internal resistance of the experimental cell and thus rapid rise of cell voltage. With the recovery of the cell voltage, heat generation slows down and then decreased SOC begins to play a more important role, causing cell voltage to decrease as in the other cases.
The dramatic effects of internal temperature on the low temperature performance of the Li-ion battery suggest that tremendous heat generation can be very useful for efficient operation of Li-ion batteries at low temperature with proper thermal management strategies. Some strategies have been explored very recently by Ji and Wang 42 using an electrochemical-thermal coupled model. To make the best use of heat generation at low temperature, which drains precious electric energy storage, it is important to use internal temperature as an input of the thermal management controller considering that internal temperature is a better indicator of internal state than surface temperature.
Comparison of Figures 11 and 12 with Figures 3 and 4 shows that local temperatures increase higher and faster at lower ambient temperature. The temperature gradient is also obviously larger. However, the temperature gradient pattern is similar. Figure 13 shows more clearly that the temperature distribution pattern is very similar at different ambient temperatures. Note that the more temperature distribution at 22
• C can be attributed to a different cooling condition in this case. As mentioned previously, the tests at other ambient temperatures are done in the environmental chamber with air circulation in the chamber. But the test at 22
• C has no air circulation in the chamber. The effects of ambient temperature on temperature gradient and relative temperature gradient are also explored, as shown in Figure 14 . The temperature gradient increases more and much faster at lower ambient temperature, especially at the beginning of discharge when the cell internal temperature and resistance are lowest. The relative temperature gradient in different cases also shows a pattern of initially decreasing and then entering a flat region. The relative temperature gradient curves almost overlap in cases of subzero temperatures in which cooling conditions are same. It suggests the dependence of relative temperature gradient on cooling conditions. Effects of cooling condition on the temperature distribution.-Due to the detrimental effects of high temperature on durability and safety, Li-ion batteries typically need to be cooled to prevent overheating. In addition, the relative temperature gradient results indicate a dependence on cooling conditions. Therefore, the effects of cooling on temperature distribution are investigated in this study. Two cases are investigated. The first case involves testing the experimental cell with natural convection cooling by placing the cell in environmental chamber without air circulation. The second case involves testing the cell with forced convection cooling using a fan. Figure 15 shows the effects of cooling conditions on cell performance during 3C discharge. It can be seen from Figure 15 that the performance with a cooling fan is initially similar to that without a cooling fan, but decreases substantially in the later part of discharge and the discharge capacity is significantly reduced. This can be attributed to the much slower cell temperature rise with stronger cooling. The experimental cell has same initial temperature in both cases, so the initial performances are very similar. Then, with the considerable heat generation during 3C discharge, the cell internal temperature begins to rise quickly. Stronger cooling enhances heat dissipation, and thus leads to slower rise of cell temperatures, especially local temperatures near and on the surface. Figure 16 shows the variation of local temperatures during 3C discharge with a cooling fan. Comparing Figures 16 and 6 , the local temperatures with a cooling fan increase only about half of those without a cooling fan by the end of discharge. Lower temperature suggests higher cell internal resistance, and therefore lower performance and discharge capacity. Figure 17 shows the spatial temperature distribution during 3C discharge with cooling fan. It can be seen that there is a large temperature gradient along the radial direction, especially near the cell surface. The temperature gradient also becomes larger at higher DOD levels. Comparison with Figure 7 shows that local temperature rise and spatial temperature gradient are smaller than those without a cooling fan at the same DOD levels. Figure 18 compares the variation of the temperature gradient and relative temperature gradient during 3C discharge under the two different cooling conditions. It can be seen that both the temperature gradient and the relative temperature gradient are much larger with stronger cooling. Note that the relative temperature gradient with a cooling fan is about 3 times larger than that during natural convection cooling, reaching a value of 0.3. This suggests conflicting effects of strong cooling from outside of the Li-ion cell. While strong cooling can effectively prevent overheating of Li-ion cells, it can cause a large temperature gradient. Considering the fact that local performance depends significantly on local temperature, the non-uniform current distribution in large format Li-ion battery cells [33] [34] [35] may be exacerbated by such larger temperature gradient.
Correlation between the relative temperature gradient and cooling coefficient.-The above results indicate a correlation between relative temperature gradient and cooling condition. To investigate their correlation quantitatively, the cooling coefficient is estimated using a method similar to a previous work by Ji and Wang.
11 Then, the average relative temperature gradient (from 30% DOD to end of discharge), which is used to represent the value during the flat region, is correlated with the estimated cooling coefficient.
To estimate the cooling coefficient, the characteristic cooling time needs to be firstly estimated by plotting the surface temperature rise in log scale versus time after discharge and then fitting the curves according to
where τ is the characteristic cooling time, T 5,i is initial temperature of T 5 . Then curve fittings are performed in the time range of 100 s to 600 s, following similar practice in the previous work, 11 to avoid the mixing effect right after discharge and larger error at later times due to smaller temperature difference. Figure 19 shows representative results of estimated characteristic cooling time, which is then used to estimate cooling coefficient according to:
where h is the cooling coefficient, m is mass of experimental cell (41 gram in this study), c p is the specific heat of experimental cell (assumed to be 823 Jkg 11, 74 and A s is the cell surface area (∼ 0.00419 m 2 ).
11
Cooling coefficients in other cases are also estimated using the same method. The estimated cooling coefficients in various cases are then correlated with the relative temperature gradients as plotted in Figure 20 . Note that the data points labeled as "Natural Convection" refer to the cases of various C rate (C/2, 1C, 2C and 3C) under natural convection conditions. Those labeled as "Forced Convection (circulation fan in environmental chamber)" refer to the cases of different ambient temperature (45 • C, 25
• C, 0 • C, −10 • C, and −20 • C. Data at −30
• C were not enough for accurate estimation, thus not used). The data point labeled as "Forced Convection (standalone cooling fan)" refers to the case of 3C discharge with the experimental cell cooled by a standalone cooling fan. It can be seen that the relative temperature Figure 20 . Correlation between the relative temperature gradient and convection heat transfer coefficient. gradient increases almost linearly with cooling coefficient during the testing range. The correlation suggests that it is reasonable to assume a uniform temperature distribution in the experimental cell with natural convection cooling when the relative temperature gradient is small. But the relative temperature gradient becomes large with strong forced convection cooling, making the assumption of uniform temperature distribution not applicable.
Conclusions
Temperature is critical to the performance, durability and safety of Li-ion batteries. To investigate the thermal behavior of the Liion battery and provide valuable experimental data for validation of electrochemical-thermal coupled (ECT) battery models, 18650-size cylindrical cells with multiple embedded micro thermocouples are designed and manufactured. Temperature distribution along the radial direction in an experimental cell under various C rate, ambient temperature and cooling conditions are obtained. It is found that the temperature gradient is larger at higher C rates and lower ambient temperatures because more heat is generated under such conditions. Stronger cooling results in lower temperature rise but larger temperature gradient due to increased heat dissipation from the cell surface to the surroundings. Relative temperature gradient during discharge is initially large, but gradually decreases and then remains almost constant until the end of discharge. Correlation between relative temperature gradient and cooling coefficient suggests that the assumption of uniform temperature distribution is applicable under natural cooling conditions but not applicable under strong forced convection cooling conditions. With the details of experimental cell design reported, the results provide valuable experimental data that can be readily used for validation. Further studies under transient and extreme conditions are warranted.
